Abstract
Introduction
Intellectual disability (ID) is a major public health issue, with a prevalence that varies from less than 1% to 3% in the general population, depending on defining criteria used by different studies (1) . ID etiology is complex, including exogenous and genetic factors, yet in approximately 50% of cases it remains unknown, either because patients were not genetically evaluated or because a genetic defect was not identified. Recent studies have shown that 15-20% of ID cases are caused by submicroscopic copy number variations (CNVs) (2, 3) . The introduction of FISH (Fluorescence In Situ Hybridization) and MLPA (Multiplex Ligation-dependent Probe Amplification) techniques (4) enabled the detection of microdeletions / microduplications in syndromic ID patients (ID associated with dysmorphic features and/or multiple congenital anomalies). In the past decade, the introduction of the microarray technology has allowed the detection of submicroscopic CNVs with unprecedented resolution leading thus to the identification of numerous syndromes with microdeletions and microduplications (5), now chromosome microarray being recommended as a first-tier diagnostic test in patients with ID and/or multiple congenital anomalies (2) . However, this technology requires expensive equipment and consumables that are hardly accessible to all diagnostic centers. Some of the chromosomal abnormalities identified by microarray tests can also be detected using different MLPA kits. Taking into consideration the cost difference between whole genome microarray platforms and MLPA, screening ID patients using the MLPA technique represents a reasonable option in the diagnostic evaluation of ID, especially in the developing countries.
The aim of this study was to evaluate the ability of a combination of MLPA kits to establish the etiologic diagnosis in a group of patients with syndromic ID.
Material and methods
The study group consisted of 369 patients with syndromic ID of unknown etiology, older than three months and with normal (358 patients) or uncertain karyotype results at 400-550-band level (11 patients 
Results
In this study a combination of MLPA kits was used to detect chromosomal aberrations in a group of 369 patients with unexplained syndromic ID.
For subgroup A, P096 kit showed reduced ratios for all of 16 the probes targeting 4p telomeric region (Wolf-Hirschhorn syndrome) in 1 of the 30 individuals examined. P064 kit detected abnormalities in 24/156 (15.3%) patients: 14 22q11.21 deletions (Velocardiofacial/DiGeorge syndrome), seven 7q11.23 deletions (Williams syndrome) and three 15q11.2 deletions (Prader Willi syndrome). The imbalances found using P064 microdeletion kit and their confirmation by the appropriate follow-up kits are presented in Table I .
For subgroup B, subtelomeric rearrangements were detected in 24 patients by both P036 and P070 kits, while in 6 patients the rearrangements were detected by a single MLPA kit (three 4q deletions, one 21q deletion which was confirmed by P365 kit and included only the probe clinically evaluated by a geneticist. The standard evaluation included family and medical history (pre-, peri-and postnatal data), anthropometric measurements, detailed physical examination and psychological examination. A written informed consent was obtained prior to evaluation from either patients' parents or legal representatives and the study was approved by the Ethics Committee of the University of Medicine and Pharmacy, Iasi.
All patients were assessed for chromosomal imbalances using commercially available SALSA MLPA kits (MRC-Holland, Amsterdam, The Netherlands). Patients with a clinical suspicion of a microdeletion syndrome (186 patients, subgroup A) were tested with P064 kit (156 patients) or P096 kit (30 patients), which contain probes for common microdeletion/microduplication syndromes. For patients without clinical suspicion of a specific syndrome and for those with uncertain karyotype results (183 patients, subgroup B) the P036 and P070 kits were used. These kits have been developed to screen for subtelomeric CNVs and contain one MLPA probe for each subtelomeric region, except for the short arms of acrocentric chromosomes (13p, 14p, 15p, 21p and 22p), for which a probe on the q arm, close to the centromere is included instead. Abnormal results detected by these MLPA kits were further characterized using appropriate follow-up MLPA kits (SALSA® MLPA®Telo-mere Follow-up set, P029-A1 Williams-Beuren Syndrome probemix, P250-B2 DiGeorge probemix and ME028-B1 Prader Willi/Angelman probemix). The details of regions detected by each kit are available at http://www.mlpa.com. The gene content of aberrations was analyzed using the UCSC genome browser (NCBI36/ hg18, http://genome.ucsc.edu/). Parental DNA samples were not available.
The DNA extraction from peripheral blood was performed using Wizard Genomic DNA Purification Kit (Promega Corp., Madison, WI, that targets PRMT2 gene, one 5q duplication and one 16p deletion -not confirmed by P277 and P365 kit, respectively). Clinical and molecular description of subtelomeric rearrangements detected by both screening and follow-up kits is presented in Supplemental material 1.
Discussion
Subgroup A. The incidence of microdeletion/microduplication syndromes was 13.4% (25/186), most of them (24 out of 25) being identified using the P064 kit. The low detection rate of P096 kit observed in this study might be explained by the fact that the frequency of the syndromes covered is lower compared to those detected by P064 kit (except for Down syndrome, but the patients with phenotype suggestive of trisomy 21 were not included in this study). Other studies that have used MLPA P064 kit had detection rates of 5.8-9.2% when patients were selected based on the presence of ID and/or multiple congenital anomalies (6, 7), and of 14,1%, when patients were selected based on phenotype suggestive of a microdeletion syndrome (6) . All these data emphasize the fact that submicroscopic anomalies are involved in a large number of cases with ID/multiple congenital anomalies, and consequently the selection of patients based on clinical suspicion of microdeletion syndrome may increase the detection rate.
The 22q11.21 deletion was the most frequent abnormality in our study, being detected in 7.5% (14/186) of patients and representing more than half of the abnormalities identified in this subgroup of patients. The outcome is concordant with the results reported in other studies, in which the 22q11.21 deletion was also the most frequent abnormality, detected in 4.6-7% of patients (6, 7) . Using the P250 kit we were able to establish that all 14 patients have the common ~3.0 Mb deletion with breakpoints between low copy repeats A and D. P029-A1 follow-up kit showed the deletion of the entire single copy region of Williams syndrome in five patients and a smaller deletion that does not extend telomerically further than the LIMK1 gene in two sisters, which do not display the classical phenotype of Williams syndrome. A few patients with atypical deletions in Williams syndrome region have been reported (8) , and they are of particular interest for genotype-phenotype studies. Methylation-specific MLPA kit for Prader Willi/Angelman syndrome allowed us to approximate the size of deletions in all patients, from breakpoint 2 to breakpoint 3 (typical type 2 deletions, ~5.3 Mb in size) (9). Subgroup B. Both the manufacturer and the outcomes of previous studies (10) (11) (12) regarding the use of MLPA for subtelomeric rearrangements detection recommend the use of two different probes for the identification of abnormal regions, as an independent confirmation measure. However, establishing the clinical significance of confirmed subtelomeric rearrangements is quite complicated, especially in cases where the DNA samples of the parents are not available. Out of a total number of 183 investigated patients, in 24 patients subtelomeric rearrangements were identified by both kits and most of them were concordant with the phenotype.
Regarding only the patients with normal karyotype (172 cases), cryptic subtelomeric rearrangements were detected in 13 cases (7.5%). Previously reported studies that performed subtelomere analysis showed an overall abnormality rate of 6%, varying between different studies from 2 to 29% (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The reasons for these differences are the inclusion criteria and the assay used in the study, the size of the cohort and the complete exclusion (or not) of the polymorphisms. A general overview upon the main previous studies using MLPA to identify subtelomere imbalance is presented in Table II . The detection rate of 7.5% found in these patients is above the average 6% reported in a review by Biesecker et al. (13) , which illustrates the efficiency of using two subtelomeric screening kits in all patients along with the assessment of abnormal results using follow-up kits.
Out of 30 patients displaying abnormal MLPA results, 6 (20%) were detected by one kit, but remained undetected by the other. Such rearrangements detected by a single kit were previously reported in the literature (11, 15, 18) and could be explained by the fact that the probes of P036 and P070 kits hybridize to sequences in different positions of the same subtelomeric region. The imbalances detected by only one probe can be either a false-positive result (due to a mutation or a polymorphism in the sequence detected by a probe or due to different sensitivity of the probes to the DNA sample purity and the conditions in which the experiment is performed) or a true positive result (e.g. if the genomic imbalance is small or the breakpoint is situated between the regions covered by the two probes). Half of the rearrangements identified by a single kit in our study were 4q deletions detected by older versions of the P036 kit, and they were due to the presence of a SNP in the probe site, an aspect that the manufacturer confirmed as well. As shown by other studies, most abnormal results detected by a single kit are clinically irrelevant inherited polymorphisms that can also be detected in a healthy parent (11, 15, 18) . In our study the parental DNA samples were not available, but considering the size and gene content of the 21q duplication and the fact that 5q duplication and 16p deletion could not be confirmed by follow-up kits, we considered them as non-causative variants.
The use of a follow-up kit allows both the confirmation of the abnormality and the estimation of its size. By using different follow-up kits in 24 patients we have managed to identify the material of unknown origin noticed in the standard karyotype in 10 out of 11 patients and we have established the approximate size of 14 of the 31 (45%) singular anomalies characterized by follow-up (Supplemental material 1). More than that, in the case of two patients (22 and 23) , for which the screening kits indicated the presence of deletions (5pter, and 2qter respectively), the use of follow-up kits (P358, and P264 respectively) has also indicated the presence of duplications of the same chromosome arms. In these two cases and in case 26 (for which the origin of additional material was identified using SNP array) we hypothesize the presence of inverted duplications contiguous to terminal deletions, but further studies are needed for confirmation. In four patients (case 4, 5, 6 and 10) with normal karyotype results (4/13, 30.7%) we detected both a deletion and a duplication, which suggests the presence of a cryptic unbalanced translocation. This prevalence is within the range of 21.7-42.1% reported in previous studies (7, 19, 21) .
Until now, only one study that mentions the use of follow-up kits for the confirmation and measurement of subtelomeric imbalances has been reported (22) . Its authors established the size of subtelomeric imbalances in two thirds of the identified anomalies. Follow-up kits offer better results when compared to FISH technique that can confirm the MLPA result and/or offer information regarding the position and breakpoints, but the physical size of a FISH probe can prevent the detection of smaller abnormalities that can be otherwise detected by MLPA and the technique has a limited resolution in detection of microduplications. Moreover, the price of the follow-up MLPA kit is lower compared to the corresponding FISH test.
By summarizing the data provided by the two groups, the combined use of the MLPA kits led to the diagnosis in 38 out of 358 cases with normal karyotype results (10.6%) and helped to establish the origin of the additional material and the type of rearrangement in 10 out of 11 cases with extra segments of unknown origin. Other studies that used a combination of MLPA kits (subtelomeric screening and P064 kit) in all patients had detection rates of 14% (22) , respectively 20.7% (7), but the inclusion criteria in the study were different: patients with ID with or without dysmorphic features or additional congenital abnormalities in the first study and patients with multiple congenital malformations with or without ID in the second study. A study performed on patients with ID and/or dysmorphic features where the same three kits were used separately, on groups of patients, had a detection rate of 7.2% (17) . All these studies show that the combined use of MLPA kits has a relatively high detection rate in ID patients, close to the ~19% reported by a review of 29 microarray-based studies of unselected multiple congenital anomalies/ID patients (23) . A recent study that compared different investigation approaches regarding ID patients (24) has suggest-ed that the replacement of chromosomal analysis with MLPA as first diagnostic test, followed by microarray can prove to be efficient as far as the detection rate and the cost-efficiency balance are concerned.
Conclusions
In our study, the detection rate of subtelomeric abnormalities was 7.5%, higher than the average value reported in the literature, which illustrates the efficiency of using two subtelomeric screening kits for all patients and of assessing the abnormal results by means of follow-up kits. The use of a follow-up kit allows both the confirmation of the abnormality and estimation of its size, which facilitates the establishment of the clinical significance of subtelomeric anomalies, especially in cases where parental DNA samples are not available. Further characterization of additional material of unknown origin noticed in the standard karyotype is also possible due to combined use of screening and follow-up subtelomeric kits.
The combined use of karyotype and MLPA kits for the screening of the most frequent submicroscopic anomalies represents an efficient strategy for establishing the etiologic diagnosis in ID patients, particularly when microarrays are unavailable as a first line approach. To increase detection rate, the best MLPA kit should be selected according to patients' phenotype.
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